Symbiotic nitrogen fixation is accompanied by a shift of Rhizobium nitrogen metabolism from ammonium assimilation to ammonium export, which probably involves genetic or metabolic regulation of glutamine synthetase activity. In free-living Rhizobium meliloti glutamine synthetase I (GSI) is regulated post-translationally by reversible adenylylation in response to ammonium addition. Moreover, full expression of the GSI gene g&l requires the transcriptional activator, NtrC. A glnA1 mutant synthesizing a non-adenylylatable GSI produces normal nitrogen-fixing nodules on alfalfa: GSI adenylylation is dispensable for symbiotic nitrogen fixation. This is rationalized by the observation that less GS protein is present in R. meliloti bacteroids than in free-living bacterial cells.
Introduction
Symbiotic nitrogen fixation in legumes involves several essential steps: (i) induction of specialized root nodules; (ii) infection of nodules by specific Rhizobia; (iii) intracytoplasmic invasion of the nodule central tissue; and (iv) differentiation of infecting bacteria into nitrogen-fixing bacteroids (see [l] for a review). The last differentiation stage is accompanied by a rapid cessation of bacterial division and growth, and by a shift of bacterial nitrogen metabolism from ammonium assimilation to ammonium export. In the latter stage, Rhizobium bacteroids may be considered as true nitrogen-fixing organelles exchanging fixed nitrogen for photosynthates.
In the present paper we consider how bacteroids achieve this shift in nitrogen metabolism. Because glutamine synthetase (GS) is the key step of ammonium assimilation in Rhizobium, we studied the regulation of GS expression or activity and its role during symbiosis.
The alfalfa symbiont Rhizobium meliloti contains three different GSs, termed GSI, GSII and GSIII [2] . GSII is not expressed in bacteroids. The first GS, called GSI (encoded by the glnA gene), is a dodecamerit enzyme homologous to the GS in enteric bacteria, in which GS is regulated by adenylylation via a complex regulatory cascade responding to the intra-cellular nitrogen status and involving the Pn protein (see [3] for a recent review). Adenylylation regulates the catalytic activity of GS by the covalent addition of an AMP group to a tyrosine residue in each subunit, which progressively inactivates the enzyme. Adenylylation of a subunit of GS inactivates only that subunit, so that the enzyme can exist in a range of activity states in the cell. The second GS in R. meliloti, GSII, encoded by the glnII gene, requires the transcriptional activator NtrC for expression [2] . GSII is not expressed in bacteroids. The third GS, called GSIII (encoded by the glnT gene), is normally not expressed in the presence of GSI or GSII [4] . In this paper we examine the regulation of GSI activity and expression in R. meliloti. GSI activity was regulated by reversible adenylylation in nitrogen-rich media, while GSI expression responded to nitrogen in a partly ntrC-dependent manner. If GSI was expressed in an active non-adenylylated form in bacteroids, the resulting diversion of ammonium flux might be expected to be detrimental to symbiosis. However, a mutant R. meliloti strain unable to adenylylate GSI exhibited a wild-type phenotype with respect to nitrogen fixation and symbiosis. This phenotype was rationalized by the observation that GS synthesis is down-regulated in R. meliloti bacteroids; hence, the amount of GSI protein available for ammonium assimilation is limited in bacteroids.
Materials and methods

Bacterial strains and mediu
All R. meliloti strains are derivatives of GM1708 [5] . Where indicated strains were made &A: :Tn5, glnll: :Tn5 or ntrC::Tn.Y by transducing the mutation from strain 2-37 [2] or Rm5001 [6], respectively, with phage N3 [7] , to generate strains GM13143 (glnll: :Tn5), GM13145 (glnAZglnIZ: :Tn.5) and GM15995 (ntrC::TnS).
R. meliloti was grown at 30°C in LB in the presence of appropriate antibiotics. Minimal V medium contained 1 g/l K2HP04, 1 g/l KHzPOd, 250 mg/l MgSO_i*7H20, 67 mg/l CaC12, 57 mg/l FeCla, 3.2 mg/l HsBOa, 1.5 mg/l MnS04.4Hz0, 1 mg/l Na2MoOq*4H20, 240 1.1811 ZnS04*7HaO, 88 ygfl CuS04*5HzO, 500 rig/l biotin, 0.4% glucose as a carbon source, and 0.1% glutamate, 0.2% glutamine, 6 mM KNOa or 75 mM NHdCl as a nitrogen source.
Sequencing of the glnBA locus
The glnA-containing plasmid pFB682 [2] was the starting material for the generation of the pBluescript SK+ derivatives schematized in Fig. 1 . Nested deletions were generated with ExoIII from the Hind111 polylinker site of pTAJ6, from a polylinker BamHI site next to glnA in pTA4, from the EcoRI site in pTA5, and from the glnB proximal EcoRV site of pTA2 [8] . Deletion ends were sequenced by standard dideoxynucleotide sequencing procedures to generate the complete sequence of both strands (accession no. U50385).
Construction of the glnAl mutunt
The point mutation replacing Tyr-397 with Phe was constructed by PCR with pTAJ6 as a template and the following primers: the mutagenic oligonucleotide 5' GGCCATGGACAAGGACCTCTTC-GACCTGC containing a naturally occurring NcoI site just upstream of the Tyr-397 codon, and 5' CTAAGCTTCAACACATCCTTTCAGAC which provides a new Hind111 site downstream of glnA. The 424 bp PCR product was made blunt-ended with T4 DNA polymerase, cloned into the SmaI site of pBluescript and sequenced. The NcoI-Hind111 fragment containing the mutation was then cloned into pTAJ6 to replace the wild-type sequence, which generated pTA27 (Fig. 1) . The 1.2-kb XhoI-BumHI mutated insert from pTA27 was then recloned into the sucB containing vector pJQ200 [9] . The resulting plasmid pTA28 was mobilized from the Escherichia coli strain S17-1 [lo] into R. meliloti GM1708. Integration of pTA28 into the glnA locus was selected for using gentamycin resistance (30 ng/ml) of pJQ200. Cointegrate resolution was selected on LB agar medium supplemented with 5% sucrose, which counterselects for the sucB gene carried by pJQ200. Twelve gentamycin sensitive, sucrose resistant colonies were screened by genomic PCR with the following primers: 5' CCTGCTCGCCTATTC and 5' TCCCTCGTTTCATCT.
Sequencing of the PCR products confirmed the presence of the glnAI mutation in the genome of strain GM13 105. The structure Downloaded from https://academic.oup.com/femsle/article-abstract/145/1/33/481363 by guest on 20 January 2019 of the mutant glnAl locus was further confirmed by Southern blot analysis.
Enzyme assays
The isoactivity point of GSI and the degree of GSI adenylylation (A) were determined with the y-glutamyltransferase (@T) assay described by Bender et al. [l 11. Cell suspensions (10 ml) were brought to 0.25 mg/ml hexadecyltrimethylammonium bromide (Fluka), chilled on ice, harvested in the cold, washed once with 0.1% KCl, resuspended in 0.5 ml 0.1% KCl, and @T activity was measured at pH 7.0. The average GSI adenylylation state was estimated as published [12] : fi = 12-12(alb), where a is the total transferase activity in the presence of Mn2+ (corresponding to both unadenylylated and adenylylated forms), and b is the transferase activity in the presence of added 60 mM Mg2+ (reflecting unadenylylated GSI). To determine the specific activity of @T we used E = 0.532 A&pmol for glutamyl hydroxamate. Biosynthetic assays were performed as described by Bender et al. [l 11.
Western blot analysis
Protein extracts were loaded onto a 10% SDS-PAGE gel. After electrophoresis the gel was blotted onto HybondC extra membrane (Amersham), probed with an antiserum directed against E. coli GS (a kind gift from Wally van Heeswijk) (1/10000), and detected using the ECL system (Amersham).
For protein quantitation, cells were harvested, resuspended in 20 mM Tris-Cl, pH 7.2, 0.1 mM DTT and 6 M guanidinium chloride, and lysed for 3 min at 90°C. After centrifugation for 2 min at 6OOOXg, the supernatant was assayed for protein using the Biorad assay [ 131.
Plant assaju
Seeds of Medicugo sativa C.V. Europe were surface sterilized, germinated, inoculated, and grown in test tubes on nitrogen-free agar slants. Nitrogenase activity was assayed on 3-week-old plants by the acetylene reduction technique [ 141.
Results and discussion
Regulation of GSI activity by adenylylation
When a glutamate grown culture of a wild-type R. meliloti strain was shifted to a medium containing 15 mM ammonium sulfate for 30 min, a considerable decrease (75%) in GS biosynthetic activity was observed. This was accompanied by only a marginal drop (10%) in y-glutamyltransferase (@T) activity. These observations indicated that, as in enteric bacteria, R. meliloti GS activity is subject to post-translational modification. We then looked for indications of GS adenylylation based on the results of Ginsburg and Stadtman [12] who showed that the @T activity of the adenylylated form of Escherichiu coli GS is inactivated by addition of 60 mM MgClz. Whereas $?T activity of glutamate grown R. meliloti was little affected by the addition of Mg'+ ions, @T from cells shifted to 15 mM ammonium was highly sensitive to Mg 2+ This result indicated that GS activity is . regulated by adenylylation in R. meliloti in response to high levels of ammonium.
Full interpretation of these results was, however, complicated by the fact that R. meliloti contains 3 different GSs, GSI, GSII and GSIII [2, 4] . GSIII carries only negligible "yGT activity and is expressed only in R. meliloti glnAglnII double mutants defective for both GSI and GSII [4] . Thus GSIII will not interfere with the present results, but GSII will. We therefore conducted similar experiments with a glnll: :Tn5 mutant strain, GM13143, devoid of GSII and thus expressing only GSI (Fig. 2) . Similar effects were observed, indicating that indeed GSI is adenylylated in R. meliloti in response to ammonium addition.
In order to measure GSI adenylylation, it was necessary to determine the isoactivity pH at which @T activity of both GSI forms are equal [ll] . pH titration experiments showed markedly different pH dependencies for ?/GT activity of a glnZZ strain before and after ammonium shock of a glutamate-grown culture (Fig. 3) . Isoactivity was found at pH 7.0 ? 0.1, at which pH adenylylation assays could be performed as described [I 11 . Adenylylation levels shifted from A= 3.9 adenylylated subunits per GSI dodecamer for glutamate grown cells to fi = 9.4 after ammonium shock (Fig. 2) . This change in adenylylation occurred within 3 min following addition of 15 mM (NH&Sod.
Conversely, ammonium removal resulted in GSI deadenylylation within 25 min (Fig.  4) , thus demonstrating the reversibility of R. meliloti GSI adenylylation.
As expected, GSI adenylylation was high in exponential cultures of R. meliloti grown on a rich nitrogen source and low on poor nitrogen sources such as glutamate or nitrate (Fig. 2) .
Regulation of GSI expression
In addition to being adenylylated in nitrogen-rich 
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Letters 145 (1996) 33-40 37 0' 1 I 6 6.5 7 7.5 a a.5 PH Fig. 3 . lsoactivity point of GSI. The &II mutant GM13143 was grown to mid-exponential phase on minimal medium with 0.1% glutamate (0) and half of the culture was shocked by the addition of I5 mM (NHI)~SOI for 30 mm (0). @T activity was measured as a function of pH. media, GSI appeared to be regulated at the level of gene expression. Indeed total @T specific activity of GSI was 2-3-fold higher when Rhizobium was grown on a poor nitrogen source such as glutamate than when it was grown on ammonium, and up to 9-fold higher when compared with LB-cultured Rhizobium (Table 1) . We further tested whether expression of GSI is regulated by the NtrC transcriptional activator, which controls a number of genes involved in nitrogen metabolism [6] , using an ntrC: :Tn5 mutant of R. meliloti (strain GM15995). This mutant does not express the GSII gene glnZ1 at all [2], thus its ?/GT activity reflects GSI content solely. The results showed that GSI induction is partly ntrC-dependent, since the ntrC mutant contained only 45% GSI activity when compared with wild-type Rhizobium grown on glutamate (Table 1) . These results were supported by Western blot analysis using anti-GS antibodies (Fig. 5) . Table 1 GSI activity in mutant backgrounds
Organization of the glnA locus
We sequenced the glnA locus which had been isolated previously by De Bruijn et al. [2] . Not unexpectedly, the R. meliloti glnA locus was found to be highly similar to the glnA locus from R. leguminosarum [15] . In particular, and in common with a number of other bacterial species , the R. meliloti glrzA gene lies immediately downstream from the glnB gene encoding the Ptr regulatory protein. The R. meliloti GSI protein is closely related to glutamine synthetase from enteric bacteria (64% identity with E. coli GS). In particular, GSI possesses Tyr-397 which is the adenylylation target in E. coli GS [12] . This observation suggested that GSI could be adenylylated on the same residue. In addition, the glnB control region from R. meliloti could be aligned with that of R. leguminosarum, which shows a characteristic conserved 054 dependent promoter upstream of glnB [18] . The occurrence of such a promoter upstream of glnBA is consistent with the partial NtrC-dependent expression of glnA which we have shown above.
GSI containing the Y397F mutation cannot be adenylylated
To test the importance of GSI adenylylation in symbiosis we constructed a mutant strain of R. meliloti defective for GSI adenylylation.
The probable adenylylated residue, Tyr-397, was changed to phenylalanine. Briefly, the mutation was introduced by PCR with an appropriate mutagenic oligonucleotide, subcloned, verified by sequencing, then recombined into the R. meliloti genome using a sucrose counterselection procedure described previously [19] (see Section 2). The resulting glnA1 mutant GM13105 was verified by sequencing PCR products of the mutated region, and by Southern blot analysis. Before determining the properties of the GSI mutant strain, we transduced a glnII: :Tn5 mutation into the glnAl background, thus generating a strain GM13145 expressing Y397F GSI as the sole GS. @T activity was measured in this strain with and without Mg2+ ions, both before and after 1.5 mM ammonium addition. Under all growth conditions tested, flT activity of Y397F GSI appeared little sensitive to Mg2+ ions. The marginal decrease observed (26%) was identical under all growth conditions (Fig. 2) , which indicates that indeed Y397F GSI cannot be adenylylated.
Unexpectedly, the &Al mutation resulted in increased total GSI activity: @T activity was 34-fold higher in the glnA1 than in the glnAT background (Table l) , and biosynthetic activity 3-5-fold higher. Western blot analysis also indicated a slight increase in GSI expression, which however did not match the increase in @T activity (Fig. 5) . We conclude that Y397F GSI is intrinsically more active than wildtype enzyme. Expression of gl&Z in the glnAI mutant was monitored using a glnZI-1acZ reporter plasmid (pFB691: :MudIIPR48) kindly provided by Dr. Frans de Bruijn [2]: no effect on glnli expression was observed under all growth conditions tested (data not shown). The glnA1 mutation had no effect on growth either in rich medium (LB) or in synthetic media on a variety of nitrogen sources (ammonium, nitrate or glutamine).
Symbiotic nitrogen jimtion does not require GSI ndenylylution
The glnA1 mutant GM13105 induced normal looking nodules on alfalfa roots, in similar numbers to the wild-type. These nodules reduced acetylene at a high level (84% of wild-type) and allowed full plant growth for more than 4 weeks (data not shown). This Nod+ Fix+ phenotype indicates that GSI adenylylation is not required for symbiotic nitrogen fixation on alfalfa. If GSI were constantly expressed in an active form in bacteroids, one would, however, expect the resulting diversion of ammonia to perturb the symbiotic interaction, as happens for instance when E. coli glutamate dehydrogenase is expressed in R. etli [20] . The alternative possibility is that GSI regulation in bacteroids is effected at the level of gene expression. Indeed, direct measurement of bacteroid @T activity in wild-type and glnA1 mutant bacteroids showed that expression of GSI is very low in symbiosis (@T activity was below 100 nmol/min per mg). The low level of GSI expression was confirmed by Western blot analysis (Fig. 5 ) and provides a rationale as to why GSI adenylylation is not required under these conditions: the amount of GSI protein available is limited in bacteroids. We conclude that the switching off of GSI activity is primarily due to inhibition of either transcription of the glnA gene or transcription of its message under symbiotic conditions.
